Higher-order corrections to exclusive heavy vector meson production by Lappi, Tuomas et al.
2 RELATIVISTIC CORRECTIONS OF ORDER V 2
Higher-order corrections to exclusive heavy vector meson
production
T. Lappi1,2, H. Mäntysaari1,2 and J. Penttala1,2?
1 Department of Physics, University of Jyväskylä, P.O. Box 35, 40014 University of Jyväskylä,
Finland
2 Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland
* jani.j.penttala@student.jyu.fi
June 25, 2021
Proceedings for the XXVIII International Workshop
on Deep-Inelastic Scattering and Related Subjects,
Stony Brook University, New York, USA, 12-16 April 2021
doi:10.21468/SciPostPhysProc.?
Abstract
We present results for higher-order corrections to exclusive J/ψ production. This includes
the first relativistic correction of order v2 in quark velocity, and next-to-leading order correc-
tions in αs for longitudinally polarized production. The relativistic corrections are found to
be important for a good description of the HERA data, especially at small values of the pho-
ton virtuality. The next-to-leading order results for longitudinal production are evaluated
numerically. We also demonstrate how the vector meson production provides complemen-
tary information to the structure functions for extracting the initial condition for the small-x
evolution of the dipole-proton scattering amplitude.
1 Introduction
Exclusive vector meson production is a powerful tool for determining the small-x gluon structure
of the proton. There is already plenty of data for this process from HERA, and in the future this
will be supplemented by measurements at the LHC and the future Electron-Ion Collider (EIC) [1].
Thus there is a need for a precise theoretical description of the process. Currently, there is a
major source of model uncertainty coming from the vector meson wave function which is often
taken from phenomenological models or assumed to be fully nonrelativistic. In this Contribution,
we will consider the first relativistic corrections to the heavy vector meson wave function, which
will quantify model uncertainties of the wave function. We will also present results of the next-to-
leading order calculation for exclusive production of longitudinally polarized heavy vector mesons,
which is important for developing a precise theoretical description of the process.
2 Relativistic corrections of order v2
At high energies exclusive vector meson production can be conveniently described in the dipole













































Figure 1: Total exclusive J/ψ production cross section as a function of the photon vir-
tuality [6].










2, z)ΨV (r, z)N(r,b, xP) (1)
for a photon with polarization λ. Here the process is described in a mixed coordinate space where
r is the transverse size of the quark-antiquark dipole and z is the longitudinal momentum fraction
carried by the quark. The necessary parts for the calculation are the virtual photon wave function
Ψλγ , the meson wave function ΨV , and the dipole amplitude N . The photon wave function can be
calculated directly by using light-front perturbation theory [3]. For the dipole amplitude we use
here the IPSat parametrization [4] with the fit from Ref. [5]. This particular choice for the dipole
amplitude is dependent on the impact parameter b which allows us to study the dependence of
the scattering amplitude on the momentum transfer t ≈ −∆2.
The final part needed for the scattering amplitude, the meson light front wave function, is non-
perturbative and therefore introduces an additional model dependence. In Ref. [6], we propose
a new approach for the meson wave function based on Non-Relativistic QCD (NRQCD), which
includes relativistic corrections of order v2 in the quark’s velocity v. In this approach, we start
from the rest frame of the meson where the value of the wave function and its derivatives can
be written in terms of the NRQCD long-distance matrix elements. This procedure allows us to
include relativistic corrections of order v2 to the meson’s rest frame wave function in terms of two
nonperturbative constants, related to the NRQCD matrix elements, that have been determined for
J/ψ from the decay constants of charmonia in Ref. [7]. The meson rest frame wave function is
then related to the light front wave function by the so-called Melosh rotation [8] which acts as a
transformation between two different spinor bases.
To quantify the effects of the relativistic corrections, we show the total J/ψ production cross
section as a function of the photon virtuality Q2 in Fig. 1. Here we compare results from four
different meson wave functions: the fully nonrelativistic (Delta), one with relativistic corrections
of order v2 (NRQCD expansion), and two phenomenological wave functions from Refs. [2, 9].
These are compared to the HERA data from Refs. [10,11]. We see that the relativistic corrections
have the greatest impact at small values of the photon virtuality, whereas they become negligible
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NLO KCBK Y0,BK = 0.00
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Figure 2: Left: Diffractive cross section for longitudinal J/ψ production as a function
of the center-of-mass energy [14]. LO BK corresponds to a leading-order result with a
leading-order dipole amplitude fit. The other curves show the NLO results with different
NLO dipole amplitude fits. In the lower plot, the curves have been normalized by the
leading-order result.
Right: Nuclear suppression for longitudinal J/ψ production. We compare the LO and
NLO results at the nonrelativistic limit and with the relativistic corrections of order v2.
at large Q2. The relativistic corrections are also crucial for a good description of the HERA data
as the fully nonrelativistic wave function results in an overestimation of the total cross section at
small Q2.
3 Next-to-leading order corrections at the nonrelativistic limit
Of comparative importance are the next-to-leading order corrections to the vector meson produc-
tion. The significance of the relativistic and αs corrections can be estimated by NRQCD which tells
us that numerically v2 ∼ αs in the case of J/ψ [7]. This means that we can do an expansion in
both the velocity and αs, which indicates that the first NLO correction should be calculated at the
nonrelativistic limit [12]. The calculation of the NLO corrections requires that we know the virtual
photon and meson wave functions at the corresponding accuracy. In recent years, there has been
major progress in calculating these: the NLO corrections to the vector meson wave function [12]




In Ref. [14], we combined these NLO wave functions to calculate exclusive J/ψ production at
NLO in the longitudinal polarization case. This calculation demonstrates the cancellation of all
UV and IR divergences present in the wave functions, and shows explicitly the appearance of the
Balitsky-Kovchegov (BK) equation for the energy dependence of the dipole amplitude. In Fig. 2, we
show the numerical results for the NLO calculation of J/ψ production. In the left plot, the results
for diffractive cross sections from the LO and NLO calculations are shown. The dipole amplitudes
used in these calculations are taken from [15] in the LO case and [16] in the NLO case, and in
both cases they have been fitted to the HERA structure function data. For the NLO case, we have
calculated the results using various different parametrizations for the dipole amplitude satisfying
modified versions of the BK equation, abbreviated here as KCBK, TBK, and ResumBK. This figure
shows that there is more variation between the different NLO results than between the LO and
NLO results. This tells us that vector meson production provides complementary information to
structure function analyses, since all of these dipole amplitudes have been successfully fitted to
the structure function data.
In the right plot, we show a ratio of the cross sections for the nuclear and proton targets. This
ratio measures the nuclear suppression as without nonlinear effects the ratio would be identically
one. We have compared the results from the LO and NLO cases, with and without relativistic
corrections of order v2. The effects of the NLO and relativistic corrections seem to be small,
although they both reduce the nuclear suppression slightly. In Ref. [6], the effects of the relativistic
corrections to nuclear suppression were found to be larger. The differences could be due to the
fact that here we are only considering the longitudinal diffractive cross section at t = 0 as opposed
to the total cross section, and a different dipole amplitude was used in the two calculations.
4 Conclusion
We have shown how the first relativistic correction and the NLO correction in the longitudinal
polarization case affect exclusive production of J/ψ . The relativistic corrections are important at
small Q2 for a good agreement with the HERA data. The NLO corrections affect the cross section
only modestly, and there is more variation between the results using different NLO fitted dipole
amplitudes than between the LO and NLO results.
In the future, we are going to include next-to-leading order calculations for transversely po-
larized virtual photons. This will enable us to make comparisons to the vector meson production
data from HERA [11, 17,18] and the LHC [19, 20], while also making precise predictions for the
future EIC.
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